JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. ABSTRACT Hemoglobin (Hb) polymorphism in cod is associated with temperature-related differences in biogeographical distribution, and several authors have suggested that functional characteristics of the various hemoglobin isoforms (HbIs) directly influence phenotypic traits such as growth rate. However, no study has directly examined whether Hb genotype translates into physiological differences at the whole animal level. Thus, we generated a family of juvenile Atlantic cod consisting of all three main Hb genotypes (HbI-1/1, HbI-2/2, and HbI-1/2) by crossing a single pair of heterozygous parents, and we compared their metabolic and cortisol responses to an acute thermal challenge (10ЊC to their critical thermal maximum [CTM] or 22ЊC, respectively) and tolerance of graded hypoxia. There were no differences in routine metabolism (at 10ЊC), maximum metabolic rate, metabolic scope, CTM (overall mean 22.9Њ ‫ע‬ ), or resting and poststress plasma cortisol levels among 0.2ЊC Hb genotypes. Further, although the HbI-1/1 fish grew more (by 15%-30% during the first 9 mo) when reared at 10Њ ‫ע‬ and had a slightly enhanced hypoxia tolerance at 10ЊC (e.g., 1ЊC the critical O 2 levels for HbI-1/1, HbI-2/2, and HbI-1/2 cod were , , and 35.56% ‫ע‬ 1.24% 40.56% ‫ע‬ 1.99% 40.20% ‫ע‬ air saturation, respectively), these results are contradic-1.19% tory to expectations based on HbI functional properties. Thus, our findings (1) do not support previous assumptions that growth rate differences among cod Hb genotypes result from a more efficient use of the oxygen supply-that is, reduced standard metabolic rates and/or increased metabolic capacityand (2) suggest that in juvenile cod, there is no selective advantage to having a particular Hb genotype with regards to the capacity to withstand ecologically relevant environmental challenges.
Introduction
The Atlantic cod (Gadus morhua L.) is polymorphic for hemoglobin (Hb), with the three main genotypes (HbI-1/1, HbI-1/2, and HbI-2/2) showing a clear biogeographical distribution that is associated with seawater temperatures (e.g., see Fig. 2 in Petersen and Steffensen 2003) . Those possessing the HbI-2/ 2 genotype are more prevalent in northern, cooler regions, while HbI-1/1 genotype fish are present at higher frequencies in warmer waters. This cline is especially prominent along the Norwegian coast (Sick 1965a (Sick , 1965b Brix et at. 2004) , although a smaller north-south cline in allele distribution also occurs along the east coast of North America (Jamieson 1975) ; for example, when moving from Baffin Island to the waters off Nova Scotia and New Brunswick (Canada), the frequency of the HbI-1/1 allele increases from approximately 2% to 8% (Sick 1965a (Sick , 1965b Frydenberg et al. 1965) .
Over the past few decades, the heterogeneous distribution of the hemoglobin isoform (HbI) genotype in cod has generated significant interest in the selective nature of the polymorphism, and studies have investigated physiological, biochemical, and behavioral aspects in an effort to derive functional explanations for the existence of multiple genotypes. Significant differences in functional Hb characteristics among the genotypes have been reported using whole blood (Karpov and Novikov 1981) or hemolysates (Brix et al. 1998 (Brix et al. , 2004 . Growth rate has been shown to be Hb genotype dependent, although the magnitude of the growth differences and the Hb genotype(s) displaying the highest growth rate vary depending on experimental conditions (Mork et al. 1984; Naevdal et al. 1992; Imsland et al. 2004 Imsland et al. , 2005 Imsland et al. , 2007 . The potential for competitive performance to contribute to growth differences among the genotypes was postulated and tested by Salvanes and Hart (2000) , and they reported that the most successful fish were usually among the first to feed and tended to possess the HbI-2/2 genotype. Finally, Petersen and Steffensen (2003) showed that while the temperature preference of HbI-2/2 and HbI-1/1 was different under normoxic conditions ( and , respec-8.2Њ ‫ע‬ 1.5ЊC
15.4Њ ‫ע‬ 1.1ЊC tively), only fish of the HbI-1/1 genotype changed their thermal preference ( ) when exposed to hypoxia. On the 9.8Њ ‫ע‬ 1.8ЊC basis of these studies, several authors have suggested that there are genotypical differences in the functional capacity of Atlantic cod based on HbI. However, no studies have examined the physiological responses of the different Hb genotypes to ecologically relevant environmental challenges. Further, Herbert et al. (2006) were not able to relate whole blood oxygen binding properties to the swimming performance and expected hypoxic responses of four marine teleost species (Atlantic cod, Gadus morhua; herring, Clupea harengus; mackerel, Scomber scombrus; plaice, Pleuronectes platessa), and they suggested that the adaptive significance of Hb functional properties may be overstated because they are artificial constructs of in vitro equilibration and do not necessarily reflect physiological status in vivo.
Given the lack of empirical evidence as to whether cod HbI differences directly influence the Atlantic cod's thermal biology, the main goal of this study was to compare the thermal tolerance/temperature-related metabolism and stress (cortisol) response of the three Hb genotypes to an acute thermal challenge. The stress (cortisol) response was examined because cod Hb genotypes vary in competitiveness/aggressiveness (Salvanes and Hart 2000) , dominance/subordinance has been shown to influence circulating cortisol levels in salmonids (Gilmour et al. 2005) , and cod are known to exhibit high cortisol levels in response to acute Pérez-Casanova et al. 2008a ) and chronic stressors (Pérez-Casanova et al. 2008b ). Further, this hormone is also a wellestablished modulator of the immune system in teleosts, (Barton et al. 1987; Pickering and Pottinger 1989) , and cortisol levels during thermal stress appear to influence the expression of specific immune-related genes in cod (Pérez-Casanova et al. 2008b ). In addition, we examined whether the hypoxia tolerance of the three Hb genotypes differed. This latter experiment was performed because HbI-related differences in Hb oxygen binding characteristics may be important at reduced water oxygen levels (Jordan et al. 2006) , and many areas where cod populations have traditionally thrived have become chronically hypoxic (i.e., water O 2 levels !60% air saturation; D'Amours 1993; Gilbert et al. 1997 Gilbert et al. , 2005 Neuenfeldt 2002; Chabot and Claireaux 2008) .
Material and Methods

Experimental Animals
This research conformed to the guidelines published by the Canadian Council on Animal Care (Olfert et al. 1993) and was approved by Memorial University's institutional animal care committee (protocol 05-07-KG).
A single family of juvenile Atlantic cod consisting of all three Hb genotypes (HbI-1/1, HbI-2/2, and HbI-1/2) was produced by crossing a single pair of heterozygous parents (HbI-1/2 # HbI-1/2). This approach to generating cod of all three Hb genotypes was used to limit the potential influence of other factors (e.g., epigenetic) on the physiological parameters measured.
The parents (wild caught from Cape Sable; 43Њ20Ј04Љ, 65Њ40Ј45Љ) were strip spawned at the St. Andrew's Biological Station (St. Andrew's, New Brunswick) in December 2005. Fertilized eggs were disinfected and placed into 50-L conical bottom upwelling incubators with a flow rate of ∼1 L min Ϫ1 and maintained at ∼6ЊC. At 100% hatch (day 0), approximately 35,000 larvae were transferred into a 500-L rearing tank at ∼10ЊC and greened with algal paste (Reed Mariculture, Campbell, CA). This was followed by feeding of enriched rotifers (at ∼1 d posthatch [dph] ). Larvae continued to feed on rotifers until ∼33 dph (fed three times daily). At this time, the cod larvae were weaned onto Artemia over an ∼4-5-d period. While fed Artemia, Gemma micro 300 and 0.3 mm dry feed were also presented. At ∼50 dph, Artemia was fed only in the morning at 10% ration and Gemma micro 300 and 0.3 mm (Skretting, Canada) every 30 min. Automatic feeders were introduced at ∼60 dph, and larvae were typically fully transitioned onto automatic feeding by 64 dph. Larvae transitioned onto Gemma 0.5 mm as soon as possible (∼4 d postcofeeding), and further feed sizes were adjusted on the basis of growth. At 105 and at 140 dph, the number of fish in the rearing tanks was reduced to 1,000 and 500, respectively, as is the standard procedure for all families reared under the cod genome project. This resulted in densities of ∼5 and 6.7 kg m Ϫ3 at these time points. While initial flow rates to the rearing tanks were ∼1 L min
Ϫ1
, flow was increased to 6-10 L min Ϫ1 by the time the fish had reached an average mass of 7 g (150 dph; July 31, 2006).
In August 2006, approximately 800 juveniles were transported to the Aquaculture Research and Development Facility (ARDF) at the Ocean Sciences Centre of Memorial University of Newfoundland. At the ARDF, the fish were kept in a 5,000-L communal tank (initial and final density approximately 1 and 5 kg m Ϫ3 ) supplied with flow through filtered seawater chilled to ∼11ЊC, under simulated natural photoperiod, and fed a commercially prepared marine pelleted diet at approximately 2.5% body weight d Ϫ1 until late September. At this time, they had an average mass of 27 g, and 100 fish were randomly selected, killed with seawater containing tricaine methanesulfonate (TMS; Syndel Laboratories, Vancouver, British Columbia; 35 mg L Ϫ1 ), measured for mass and standard length, blood sampled for genotype determination, and individually implanted (intraperitoneally) with passive integrative transponder (PIT) tags. These fish were subsequently stocked into separate tanks (500-1,000 L) until they were used a short time later in the acute temperature and hypoxia tolerance experiments. The remaining untagged fish were divided and stocked into two 6,000-L holding tanks (initial stocking density approximately 1.5 kg m Ϫ3 ). In February 2007, all remaining fish were PIT tagged, measured for mass and length, blood sampled, and genotyped; these fish were subsequently used for the assessment of stress (cortisol) responsiveness to an acute thermal challenge. From the first PIT tagging on, all fish were fed a reduced ration (1% body weight d Ϫ1 ) to ensure that they did not become too large before the completion of experiments. 
Determination of Hemoglobin Genotypes
The Hb genotype of all fish was determined by horizontal agar gel electrophoresis using a protocol adapted from Petersen and Steffensen (2003) and Fyhn et al. (1994;  Fig. 1 ). Blood samples (75 mL) were obtained by caudal puncture using previously heparinized (100 IU mL Ϫ1 ; Sigma Aldrich, St. Louis, MO) 1 cm Ϫ3 U-100 syringes (Becton Dickinson, Franklin Lakes, NJ), transferred to 1.5-mL centrifuge tubes containing 50 mL of heparin, and stored on ice before centrifugation. Plasma was separated by centrifugation at 3,000 g for 1 min, discarded, and the remaining red blood cells (RBCs) stored at Ϫ80ЊC. For the analysis of the Hb genotype, 50 mL of red blood cells (RBCs) were transferred to a new microcentrifuge tube and washed twice with 60 mL of 1.17% NaCl solution, after which 80 mL of cold Milli-Q water was added to hemolyze the RBCs. The cells were then placed on ice for 10 min and centrifuged at 3,000 g for 5 min at room temperature. Forty microliters of the supernatant was then transferred to a new Eppendorf tube and 35 mL of 40% sucrose added. Twenty-five microliters of the hemolyzed RBC/sucrose mixture was run on a 1% agar gel, with electrophoresis performed at 40 mA and using reverse polarity, in a cold room for 2.5-3 h. Gels were stained (using the method of McFarland 1977) in a Coomassie blue G250/ perchloric acid solution for 1 h and then destained in a mixture of methanol-acetic acid-water of 5 : 1 : 5 (v/v/v) for 3-4 h.
On the basis of the observed protein electrophoretic patterns, cod were classified as HbI-1/1, HbI-2/2, and HbI-1/2. We realize that these designations are technically electromorphs since agar gel electrophoresis, unlike isoelectric focusing, is not able to separate out all the possible Hb subtypes (see Husebø et al. 2004 ). However, given that subtypes not discernible by agar gel electrophoresis are rare (Husebø et al. 2004 ) and that the literature on Hb genotypes with which we must compare our results uses HbI-1/1, HbI-2/2, and HbI-1/2 almost exclusively (for an exception, see Verde et al. 2006) , we refer to the three HbI as genotypes throughout.
Experiment 1: Acute Temperature Tolerance
Eighteen to 24 h before these experiments, individual cod were put into a 6.8-L custom-designed Blazka swim tunnel at 10ЊC, with the current velocity set to 3 cm s Ϫ1 (approximately 0.15 body lengths s
Ϫ1
). This current velocity allowed the fish to hold station without having to swim actively. To assess thermal tolerance, water temperature was increased in the tunnel's header tank at 2ЊC h Ϫ1 using an Isotemp 1013S heater/chiller until the fish reached their critical thermal maximum (CTM). CTM was determined as the temperature at which fish lost equilibrium. Oxygen concentration in the tunnel was continuously measured by pumping water through an external circuit using a peristaltic pump (Masterflex Easyload, Cole Parmer). This circuit was constructed using tubing of very low gas permeability, and it contained a D201 flow cell (WTW, West Wareham, MA) that housed a galvanic oxygen electrode (CellOx 325, WTW) connected to an Oxi 340i oxygen meter. Oxygen consumption 
where DO 2 is the change in water oxygen concentration (mg L Ϫ1 ), V is the volume of the swim tunnel respirometer and external circuit (6.81 L), is the mass of the fish (kg)
M f adjusted to the exponent 0.83 (to account for the allometric scaling of oxygen consumption with fish mass; Killen et al. 2007 ), and T is the time required to make the oxygen consumption measurement (0.25 h).
As soon as each fish reached its CTM, it was quickly removed from the respirometer, killed with 200 mg L Ϫ1 TMS, and measured for length and mass. Finally, the PIT tag was read, and the Hb genotype was assigned on the basis of the results from gel electrophoresis. In these experiments, maximum metabolic rate was recorded as the highest metabolic rate measured before the fish reached its CTM, and metabolic scope was calculated as the difference between the fish's maximum and routine (at 10ЊC) metabolic rates.
Experiment 2: Graded Hypoxia
The graded hypoxia challenge was conducted on individual fish in the same swim tunnel as described above. In this experiment, the cod were exposed to graded hypoxia (100%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, and finally 10% air saturation) at 10ЊC, with 45 min at each oxygen level. The various oxygen levels were achieved by bubbling nitrogen into a temperaturecontrolled header tank, and oxygen consumption (as calculated above) was measured for the last 15 min at each level of air saturation. The oxygen saturation (measured as a % of air saturation) at which the fish lost equilibrium was recorded as the lethal oxygen saturation level (Sat L ), and after fish reached their Sat L , they were removed from the swim tunnel, killed with 200 mg L Ϫ1 TMS, measured for length and mass, and had their PIT tag recorded. In addition to measuring Sat L , we determined the fish's final critical water O 2 saturation (F crit ) to adjust for differences in the time that each fish was able to tolerate the lowest level of water O 2 saturation to which it was exposed and slight variations in the protocol between fish. F crit was calculated using the formula were stocked separately into n p 30 n p 30 three 500-L tanks at 10ЊC with a simulated natural photoperiod and allowed to acclimatize for at least 6 d. On the sampling day, the temperature was increased from 10Њ to 22ЊC by increasing the temperature in the header tank by ∼2ЊC h
Ϫ1
. Blood samples were taken at 10Њ, 14Њ, 16Њ, 18Њ, 20Њ, and 22ЊC by carefully netting fish out of the tank and killing them with a lethal dose (300 mg L Ϫ1 ) of TMS. Within 2 min of netting the fish, blood samples were taken by caudal puncture using previously heparinized syringes, and up to 1.0 mL of blood was transferred to a chilled 1.5-mL centrifuge tube containing 50 mL of heparin. Plasma was separated by centrifugation at 10,000 g for 5 min, transferred to a new 1.5-mL centrifuge tube, and stored at Ϫ80Њ C until analysis. Total plasma cortisol levels were determined, in duplicate, using an enzyme-linked immunosorbent assay (ELISA) kit (Neogen, Lexington, KY) and a SpectraMax (Molecular Devices) microplate reader at an absorbance of 650 nm. Intra-and interplate variation was determined and never exceeded 10%. The above experiment was conducted twice to ensure that a sufficient number of animals were sampled at each temperature. In addition, to control for the effects of time/repeated sampling of the tanks, 30 fish of the HbI-1/2 genotype were stocked into each of two tanks and sampled at 2-h intervals at a constant temperature of 10ЊC.
Statistical Analyses
The morphometrics and growth rates of the three Hb genotypes were compared using one-way ANOVAs and Tukey's post hoc tests. Routine metabolic rates of the three genotypes during the thermal and hypoxic challenges were initially subjected to oneway repeated-measures ANOVA. However, since the overall model showed no significant effect of genotype, separate oneway ANOVAs followed by Dunnett's post hoc tests were performed to identify when temperature and hypoxia significantly affected metabolic rate.
The cortisol response of the three Hb genotypes to an acute thermal challenge was compared using a general linear model (GLM) ANOVA with genotype, temperature, and replicate (experimental run 1 vs. 2) as the explanatory variables. This model found that no significant differences were associated with the replicates or Hb genotype; thus, the data for the three genotypes were combined, and a one-way ANOVA followed by Dunnett's post hoc tests was used to determine when cortisol levels were increased as compared with baseline (10ЊC). A separate ANOVA followed by Dunnett's post hoc tests was used to compare plasma cortisol levels in the control HbI-1/2 cod with baseline (i.e., 0 hour) levels, and independent one-way ANOVAs were used to compare cortisol levels between control fish and the combined experimental fish at each sampling point.
CTM, measures of oxygen consumption (routine, maximum, and scope), S crit , Sat L , F crit , length, mass, and specific growth rate were compared among the three Hb genotypes using oneway ANOVAs followed by Tukey's post hoc tests. Statistical analyses were performed using either Statview (SAS Institute, Cary, NC) or Minitab (ver. 14; Minitab), and was used P ! 0.05 as the level of significance. Data presented in the text, figures, and tables are means ‫ע‬ SE.
Results
Hemoglobin Genotypes
In total, we blood sampled and genotyped 611 fish from this single family, and the analysis revealed that 103 (16.8%) were HbI-1/1, 177 (29.0%) were HbI-2/2, and the remaining 331 (54.2%) were heterozygous, HbI-1/2. At the first PIT tagging, HbI-1/1 cod were heavier (by 15%-30%) and longer (by 5%-8%), although the differences only reached statistical significance as compared with heterozygous individuals (HbI-1/2; Table 1 ). However, these differences had disappeared by the time these fish were used in the acute thermal tolerance experiments (Table 2) . Further, although growth rate on limited rations (1% body mass d
Ϫ1
) decreased with fish size/age, there was no significant difference in growth rate, length, or mass among groups ( Note. Different letters indicate significant differences using one-way ANOVA and Tukey's pairwise comparisons. No significant differences in mass and length at tagging 2 or in specific growth rate between taggings 1 and 2 (mean 0.89% ϩ 0.02% d
) were identified among genotypes.
fish heterozygous for Hb (HbI-1/2) appeared to have a slightly lower from 16Њ to 20ЊC, this difference was not statistically Mo 2 significant (repeated-measures ANOVA, ; Fig. 2 ). P p 0.3370 Further, there were no differences in routine (10ЊC) or maximum metabolic rate, metabolic scope, or CTM (overall mean ) among groups (Table 3) . 22.9Њ ‫ע‬ 0.2ЊC
Hypoxia Tolerance
There was no difference in among the three Hb genotypes Mo 2 at 100% air saturation or at any level of hypoxia (Fig. 3) . When genotype was removed from the overall model, it was apparent that routine was significantly reduced as compared with Mo 2 baseline (i.e., at 100% saturation) values once the level of hypoxia reached 60% saturation (one-way ANOVA, ; P ! 0.0001 Dunnett's multiple comparisons). The O 2 level at which the fish lost equilibrium (Sat L ) was not significantly different among the Hb genotypes. In contrast, however, both the critical oxygen saturation level (S crit ) and the final critical water O 2 saturation (F crit ) were significantly lower in HbI-1/1 fish as compared with heterozygote individuals (HbI-1/2; Table 4 ).
Cortisol Response to Acute Thermal Stress
Although initial plasma cortisol values ranged from 25 to 40 ng mL Ϫ1 , repeated sampling of the tanks had no effect on circulating levels in HbI-1/2 juvenile cod held at a constant temperature of 10ЊC. Further, although Hb genotype did not influence the cod's cortisol response to an acute thermal challenge to temperatures approaching their CTM (GLM ANOVA, ), cortisol levels were elevated as compared with base-P p 0.174 line (10ЊC) and control values by 14Њ and 16ЊC, respectively, and cortisol levels reached an overall mean value of 128.8 ‫ע‬ ng mL Ϫ1 at 22ЊC (Fig. 4 ). 14.4
Discussion
On the basis of differences in geographical distribution (see Fig. 1 in Brix et al. 2004 ), growth rate (Naevdal et al. 1992; Brix et al. 2004; Imsland et al. 2004 Imsland et al. , 2005 Imsland et al. , 2007 Jordan et al. 2006) , and in vitro Hb functional properties (erythrocyte suspensions: Karpov and Novikov 1981; stripped Hb: Brix et al. 1998 among Atlantic cod Hb genotypes, several authors have suggested that Hb polymorphism in this species is associated with differences in physiological performance. However, with the exception of a recent article showing that white muscle lactate dehydrogenase activity and buffering capacity are similar (Jordan et al. 2005) , there have been no direct investigations of physiological differences among cod Hb genotypes. In this study, we generated a single family comprised of the three main Hb genotypes (HbI-1/1, HbI-1/2, and HbI-2/2) and evaluated their metabolic and cortisol responses to an acute thermal challenge and their hypoxia tolerance. Although we show that the HbI-1/1 genotype grows faster during early ontogeny and is slightly more hypoxia tolerant, no evidence was found to support the notion that biochemical genetic variation of Hb is linked with physiological differences at the level of the whole animal.
Growth and Survival
This study was not specifically designed to examine growth rate differences among the three HbI genotypes. However, we do show that when reared under typical aquaculture conditions at constant temperature (∼10ЊC), cod of the genotype HbI-1/1 were largest at the time of the first PIT tagging and significantly larger than those heterozygous for HbI (Table 1) . Our results are in contrast with the several studies that report that HbI-2/ 2 is the fastest growing genotype (Mork et al. 1984; Naevdal et al. 1992 ) and that HbI-2/2 cod possess enhanced characteristics (e.g., competitiveness: Salvanes and Hart 2000; feed efficiency and energy retention: Jordan et al. 2006 ) related to growth. However, the finding that growth from hatch to first PIT tagging was highest for the HbI-1/1 genotype is not unique. First, Imsland et al. (2004) showed that there is a genotype-temperature interaction, with HbI-1/1 showing equivalent growth at 10ЊC but enhanced growth at 7ЊC as compared with HbI-2/2. Second, Imsland et al. (2005) showed that while HbI-2/2 had the fastest specific growth rates when exposed to continuous light at 10Њ and 13ЊC, HbI-1/1 cod grew fastest when under simulated natural photoperiod (the photoperiod used in this study). While we report differences in growth rate (length and mass) between hatch and first PIT tagging, no differences in specific growth rate or size among the Hb genotypes were observed beyond this point (Table 2) . This is probably because the fish were placed on a reduced ration (∼1% body weight d Ϫ1 ) after the first PIT tagging, and Imsland et al. (2007) in- Oxygen consumption of juvenile Atlantic cod of three different hemoglobin genotypes when exposed to an acute thermal challenge (increase 2ЊC h Ϫ1 ) until their critical thermal maximum (see Table 2 ). The effect of genotype was not significant ( ), but P 1 0.05 temperature had a very significant effect on metabolic rate (repeatedmeasures ANOVA, ). Asterisks indicate where the mean met-P ! 0.0001 abolic rates of the combined groups differed significantly from the baseline (10ЊC; repeated-measures ANOVA followed by Dunnett's post hoc tests). Data are means ‫ע‬ SE.
dicate that HbI-dependent differences in growth rate are most apparent during the early life-history stages.
While our results support the idea that Hb genotype influences the growth rate of cod, they also suggest that HbI may affect cod survival/fitness. For example, HbI-1/1 comprised only 16.3% of fish at the time of first PIT tagging as compared with 29% and 54% for HbI-2/2 and HbI-1/2, respectively. This distribution differs significantly ( , G-test for good-P 1 0.001 ness of fit) from the expected Hardy-Weinberg proportions (1 : 2 : 1) for a trait controlled by two alleles, if we ignore the rare HbI subtypes in our calculations (as done by Husebø et al. [2004] ).
Acute Temperature Tolerance
Routine metabolic rate (RMR) of the juvenile cod at 10ЊC was approximately 80 mg O 2 kg Ϫ0.83 h Ϫ1 and increased steadily with temperature until it reached a maximum of approximately 245 mg O 2 kg Ϫ0.83 h Ϫ1 near the fish's CTM (22.9ЊC; Table 3 ; Fig.  2 ). The value for RMR in this study is in the middle of the range of reported mass-adjusted (M 0.82 ) values for cod standard metabolic rate (see Table 3 in Schurmann and Steffensen 1997) and very comparable to the RMR of adult cod recently reported by Gollock et al. (2006) . In addition, the temperature-dependent increase in metabolism and CTM were nearly identical to those reported by Gollock et al. (2006) . This latter finding supports the conclusion of Pérez-Casanova et al. (2008a) that acute thermal tolerance does not vary between juvenile and adult Atlantic cod.
Importantly, there were no significant differences in RMR, maximum metabolic rate, metabolic scope, or CTM among the three Hb genotypes ( Fig. 2 ; Table 3 ). The lack of a difference in the RMR among cod Hb genotypes is in agreement with Jordan et al. (2006) and contradicts the assumption of several authors that growth rate differences among Hb genotypes are due to a more efficient use of the oxygen supply and thus reduced standard metabolic rates and/or increased metabolic capacity (scope; Naevdal et al. 1992; Imsland et al. 2004 Imsland et al. , 2005 Salvanes and Hart 2000) . Further, the lack of a difference in maximum metabolic rate (measured at 22Њ-24ЊC) is not consistent with what would be expected on the basis of oxygen binding studies utilizing isolated erythrocytes (Karpov and Novikov 1981) or stripped Hb (Brix et al. 1998 (Brix et al. , 2004 . For example, Karpov and Novikov (1981) and Brix et al. (1998) both report that O 2 affinity for the HbI-1/1 genotype is higher at 20ЊC, and Brix et al. (2004) indicate that HbI-1/1 cod should have a greater arterial-venous O 2 difference at temperatures of 12ЊC and above. Thus, given that thermal tolerance is limited by the capacity of an organism's cardiorespiratory system to match oxygen demand (Pörtner and Knust 2007) and that Gollock et al. (2006) suggest that decreased blood oxygen binding capacity contributes to the plateau in cod oxygen consumption at high temperatures (!20ЊC), we would have expected the maximum metabolic rate and probably CTM (although CTM is also determined by a fish's anaerobic capacity; Zakhartsev et al. 2003) for HbI-1/1 cod to be higher than for HbI-2/2 fish. The reason(s) for the lack of a difference in thermal tolerance among the three Hb genotypes is unclear but is likely due to the fact that all of the reported data on Hb-O 2 affinity differences among cod HbI genotypes were collected using isolated erythrocytes or stripped Hb (hemolysates). These preparations ignore in vivo compensatory mechanisms that enhance Hb-O 2 binding capacity in fishes (e.g., catecholamines, regulation of cellular NTP levels ; Nikinmaa 1982; Weber 2000) or physiological alterations at higher levels of biological organization (e.g., the release of erythrocytes from the spleen, changes in gill perfusion/ventilation or blood flow distribution) that ensure adequate oxygen delivery to the tissues.
Hypoxia Tolerance
In these experiments, a change in the slope of the routine -water O 2 saturation relationship became apparent at 35%-Mo 2 40% air saturation (S crit ), and the critical lethal (L sat ) and final (F crit ) O 2 values ranged from 11 to 14 and from 18% to 21% air saturation, respectively ( Fig. 3; Table 4 ). Although these results are difficult to compare with previous experiments on hypoxia tolerance in cod because of differences in experimental protocol, data analysis, and terminology, it appears that our data are similar to those generated in other lab-based studies. Schurmann and Steffensen (1994) determined that the incipient oxygen dependent activity level (i.e., the O 2 level where spontaneous activity began to decrease) for 10ЊC acclimated cod was 51.7% air saturation. Schurmann and Steffensen (1997) showed that the metabolic rate of 10ЊC acclimated cod fell ); however, the meta-P 1 0.05 bolic rate of the combined groups differed significantly from baseline (100% air saturation) by 60% air saturation (asterisks; as determined by Dunnett's post hoc tests).
below the standard metabolic rate at 23.2%. Claireaux et al. (2000) found that the point where the metabolic scope of 10ЊC cod fell to 0 was approximately 20% air saturation. Finally, Schurmann and Steffensen (1992) report that cod held in 10ЊC seawater all die rapidly when exposed to water of 14% air saturation. In addition, they agree well with Neuenfeldt (2002) , who calculated that the oxygen avoidance threshold for cod in the Baltic Sea was 16% air saturation.
In contrast to the acute thermal challenge, Hb genotype did have an influence on cod hypoxia tolerance, with HbI-1/1 displaying the lowest values for F crit and S crit among the three genotypes. Although these parameters for the HbI-1/1 genotype were only significantly lower as compared with HbI-1/2 fish, the finding that HbI-1/1 cod had an enhanced hypoxia tolerance also does not fit with expectations based on HbI-oxygen binding properties. Although more cathodic Hb (e.g., HbI-1/ 1; see Fig. 3 in Brix et al. 2004 ) generally have high O 2 affinities and pH insensitivity and thus are predicted to assume increasing importance in O 2 transport under hypoxic and hypercapnic conditions (Weber 1990 ), cod HbI-1/1 has a lower O 2 affinity than HbI-2/2 or HbI-1/2 at 10ЊC, and there are no apparent differences in pH sensitivity (Bohr factor) among the three genotypes at this temperature (Karpov and Novikov 1981; Brix et al. 1998 Brix et al. , 2004 . Although our data on hypoxia tolerance suggest that there is a selective advantage to possessing the HbI-1/1 genotype when exposed to moderate to severe reductions in water O 2 levels, this experiment and the acute thermal tolerance experiment echo the findings of Herbert et al. (2006) . These authors advise against overstating the adaptive functional properties of Hb because the P 50 , Bohr factor, Hill's cooperativity binding coefficient (n H ), and Haldane effect are all artificial constructs of in vitro equilibration and do not necessarily reflect physiological status in vivo.
Cortisol Response to Acute Thermal Stress
When 10ЊC acclimated juvenile Atlantic cod were exposed to an acute increase in temperature to their CTM, cortisol became significantly elevated at 14Њ-16ЊC and peaked at ∼130 ng mL Ϫ1 at 22ЊC (Fig. 4) . This pattern of increase is very similar to that recently reported by Pérez-Casanova et al. (2008a), with one exception: the maximum plasma cortisol values reported by Pérez-Casanova et al. (2008a) for 50-g fish were 448.58 ‫ע‬ ng mL Ϫ1 . At present, it is not known why maximum 64.77 cortisol levels were different among the two studies since the experimental protocols were virtually identical. However, distinctly different stocks of cod were used in the two studies (this study: Cape Sable; Pérez-Casanova et al. 2008a : Placentia Bay, Newfoundland), and it is possible that there are significant differences in the thermal biology and stress physiology among cod populations along the east coast of North America. This hypothesis would be consistent with recent data on populationdependent growth rates and phenotypic plasticity (Purchase and Brown 2000, 2001 ) but requires rigorous experimental validation.
There were no differences in resting or poststress cortisol levels among the three cod Hb genotypes when held in small groups ( -30) at 10ЊC. The lack of a difference in resting n p 24 cortisol levels, despite previous data showing that HbI-1/1 cod have a competitive advantage (Salvanes and Hart 2000) and that dominance/subordinance influences cortisol levels in sal- . Plasma cortisol concentrations in 10ЊC acclimated juvenile Atlantic cod of three different hemoglobin genotypes (HbI-1/1, HbI-2/2, and HbI-1/2) when given an acute thermal challenge (2ЊC increase h Ϫ1 to 22ЊC). There were no significant differences in cortisol levels in the control fish (HbI-1/2; temperature maintained at 10ЊC) over time (one-way ANOVA, ). The effect of genotype was not P 1 0.05 significant (general linear model ANOVA,
). Different letters P 1 0.05 indicate where the means for the combined experimental groups differed from baseline (10ЊC). Asterisks indicate where the means of the combined experimental groups differed from those measured in the control fish (one-way ANOVAs, ). Data are means ‫ע‬ SE. P ! 0.05 monids (Gilmour et al. 2005) , may not be surprising given that the experimental design required that the three Hb genotypes be held in separate tanks. However, the very similar plasma cortisol concentrations during thermal stress strongly suggest that any varied physiological or immunological responses to temperature or other environmental challenges among Hb genotypes are not likely to be related to differences in circulating corticosteroid levels.
Concluding Remarks
The question of what selective advantage multiple forms of Hb genes offer to fishes has largely been addressed by correlating the functional properties of isolated erythrocytes or hemolysates with habitat and life style (e.g., di Prisco and Tamburrini 1992; Tamburrini et al. 1997) , geographical distribution (e.g., Karpov and Novikov 1981) , or basic life-history traits such as growth rate (Imsland et al. 1997; Brix et al. 1998 Brix et al. , 2004 Jordan et al. 2006 ). However, even these studies have provided equivocal evidence in support of a selective advantage for possessing more than one functionally distinct Hb. For example, although data on the oxygen binding properties of stripped Hb (Brix et al. 1998 (Brix et al. , 2004 and isolated erythrocytes (Karpov and Novikov 1981) indicate that HbI-1/1 cod should do better at warm temperatures as compared with fish possessing HbI-2/2, and this assumption fits well with their preferred temperatures under normoxic conditions (Petersen and Steffensen 2003) , Imsland et al. (2004 Imsland et al. ( , 2005 found that HbI-1/1 cod grow faster at cold temperatures and that temperature-related differences in growth between the two genotypes are photoperiod dependent. Further, Colosimo et al. (2003) concluded that physiological adaptation of the individual, not Hb genotype, was the main factor shaping the growth and Hb binding characteristics of Atlantic cod at various temperatures. Thus, when these results are combined with a lack of physiological differences among cod HbI genotypes (Jordan et al. 2005 ; this study) and the inability of Herbert et al. (2006) to relate differences in Hb functional properties with the swimming capacity and hypoxia tolerance of marine fishes (including cod), the prevailing evidence (1) suggests that the adaptive functional significance of HbI genotypes has been overestimated and (2) raises the possibility that while HbI polymorphism does not directly influence cod in vivo blood oxygen transport or thermal biology, Hb isoforms may have evolved in parallel or be linked with other traits that have important implications for blood oxygen transport/utilization at different temperatures.
Obviously, this latter hypothesis does not consider the potential importance of HbI functional properties on (1) the physiology of early cod life-history stages (this study; Luchi 1973) (2) gas exchange in cod exposed to suboptimal or highly variable thermal conditions or hypoxia for prolonged periods, or (3) oxygen delivery to the swim bladder and eye (Ingermann and Terwilliger 1982; Pelster and Scheid 1992) and thus vision and buoyancy. Both these functions are potentially critical to the cod's ability to adapt to environments with varied thermal profiles. At present, the cod genome project is creating a genetic map for the Atlantic cod and performing experiments to identify quantitative trait loci associated with physiological characteristics such as thermal and hypoxia tolerance. Hopefully, once the relationships between quantitative trait loci positions and Hb loci are determined, and experiments with larval and adult cod held in varied thermal/oxygenated environments are performed (these experiments are in the planning stages), we will have a more definitive picture as to whether and to what extent cod Hb genotype influences the temperature-dependent biology of Atlantic cod.
